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Introduction
Epithelial cells require attachment to extracellular matrix (ECM) for proper growth and differentiation. In contrast, detachment of cells from the ECM results in apoptosis, termed as "anoikis" (Frisch & Francis, 1994; Frisch & Screaton, 2001) . However, some cancer cells can develop anoikis resistance essentially to survive during transit through circulation and subsequently seed metastasis (Simpson et al, 2008 )the major cause of cancer-related deaths. Therefore, understanding the mechanisms that enable cancer cells to overcome anoikis will help identify novel therapeutic targets to restrict cancer spread.
Detachment of cells from the ECM is also known to induce autophagy (Fung et al, 2008) .
Macroautophagy (or simply autophagy) is an evolutionarily conserved catabolic mechanism for degradation of protein aggregates, damaged organelles and intracellular pathogens through lysosomal lysis (He & Klionsky, 2009 ). Originally thought of as a cell death mechanism (Fulda, 2012) , emerging evidence points to pro-survival role for autophagy, particularly in cells experiencing a variety of stresses including starvation, hypoxia, and anticancer therapeutics (Marx, 2015) . Autophagy is a multistep and dynamical process starting with the induction of double-membranous structures called as autophagosome, followed by their maturation and fusion with lysosome, and culminating with the degradation of sequestered materials in autophagosome (He & Klionsky, 2009 ). The completion of the entire process is termed as autophagic flux; defects in various steps can lead to several diseases including neurological, cardiac and muscular pathologies (Zhang et al, 2013) . Although autophagy induction has been demonstrated in matrix-detached cells (Fung et al, 2008) , the status and regulation of autophagic flux in matrix-detached cells and its implications in anoikis resistance remains poorly understood.
The crosstalk between autophagy and apoptosis has been proposed to give rise to bistability (Avivar-Valderas et al, 2011) , i.e cells in two distinct signaling states, thus potentially generating non-genetic heterogeneity in a cell population. However, the existence and implications of such heterogeneity in anoikis resistance remain to be identified. Non-genetic heterogeneity can be generated via crosstalk between molecular pathways, the most common of which being a mutually inhibitory feedback loop (Jia et al, 2017a) , such as that between phosphorylated AMPK (pAMPK) and phosphorylated Akt (pAKT) identified in our previous study (Saha et al, 2018) . Here, we investigate the crosstalk between AMPK and ERK signaling to facilitate progression through autophagy to enable anoikis resistance. Our study identifies a novel feedback loop between AMPK and TFEB regulated by ERK signaling and highlights its role in mediating non-genetic heterogeneity and adaptation to survival under matrix-deprivation stress. Targeting this loop may hold promise for the development of novel therapy towards treating metastatic disease.
Methods and material

Cell culture and transfection
Breast cancer cell lines MDA-MB-231, MCF7, and BT-474 (procured from ATCC in 2016 and validated by STR analysis) Cells were trypsinized and cultured for indicated time points on tissue culture dishes coated with 1% noble agar (Sigma-Aldrich) to mimic ECMdetachment Pharmacological agents were added immediately after trypsinization and prior to plating onto noble agar coated dishes. Long-term anchorage independent (AI) colony formation assay was performed by mixing 1x10 5 cells with 1.5% methylcellulose and layered on top of 1.5 % noble agar coated dishes.
Cell transfection was performed using Lipofectamine 2000 according to manufacturer's protocol. OptiMEM media was used for the transfection and changed to regular media 6 hours post transfection. Drugs (Puromycin or G418) for selection were used for generation of stable cells after 24 hours of transfection. MDA-MB-231 cells stably expressing mCherry-EGFP-LC3, GFP-LC3, EGR (promoter) -TurboRFP, pEGFP-TFEB, Scr (Control), or shTFEB#C5 were generated by transfection followed by FACS sorting.
Pharmacological compounds
Pharmacological compounds used in the study include compound C (10mM; Calbiochem), PD98059 (10 µM; CST), and rapamycin (100nM; Sigma-Aldrich). Dimethyl sulfoxide (DMSO, Thermo Scientific) was used as vehicle control for all the compounds except rapamycin, which was dissolved in ethanol.
Caspase 3-activity assay
Briefly, 1 x 10 6 cells were incubated with 1 µL of Red-DEVD-FMK for 30 minutes at 37°C incubator maintaining 5% CO 2 . Caspase-3 activity was analysed by BD FACS-CantoII (Becton & Dickinson) containing a 488-nm Coherent Sapphire Solid State laser. Red fluorescence emission from cells was measured upon excitation with blue (488nm) laser.
Post-acquisition data was analysed using Summit software V5.2.1.12465.
Immunoblotting
Whole cell lysates were prepared using 1X RIPA buffer containing 20 mM Tris-HCl (pH 7.5) 150 mM NaCl, 1 mM Na2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 and protease inhibitor on ice. Protein concentration was estimated by Bradford method and equal quantity was loaded on SDS-PAGE after boiling at 100°C for 5 minutes. Proteins were transferred to PVDF and probed for indicated primary antibodies. For multi-panel blots, PVDF membranes were stripped by boiling in 100nM EDTA for 5 min, subsequently re-probed with indicated antibodies after blocking. Tubulin was used as loading control each time a given lysate was probed. Individual band intensity was quantified using Image-J software and was normalized to Tubulin.
Antibodies used in the experiments are pERK1/2, pMEK1/2 S217/S221 , pACC S79 , pAkt S473 , pPEA15 S116 , tERK, tMEK, ACC, Akt, tPEA15, TFEB, myc tag, HA tag, cleaved PARP, LC3, IgG (Cell Signaling Technology), α Tubulin (Calbiochem), PHLPP2 (Abcam), Flag-tag (Sigma-Aldrich), LAMP2 (Abcam), p62 (Cell Signaling Technology) followed by HRPtagged secondary antibody (Jackson ImmunoResearch). Chemiluminescence (using ECL substrate from Thermo Fisher Scientific) image was acquired by Syngene G-Box bio imaging system.
Immunoprecipitation
For co-immunoprecipitation, cells were lysed in IP-lysis buffer containing 25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol (pH 7.4). Lysates (1.5mg) were incubated with IgG control, anti-Flag, or anti-PEA15 antibody and 15 µL of protein-A sepharose beads for 12 hours at 4°C on end-on rocker. The immune complexes were washed with Nonidet P-40 lysis buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol; pH 7.4) for 5 times. Immunocomplexes were analysed by immunoblotting.
Immunofluorescence
Immunofluorescence on attached and suspension cells were done as described previously (Sundararaman et al, 2016) . Briefly, cells in attached condition were fixed on dish by 4% PFA at room temperature for 10 minutes. Suspension cells were collected in 1.7 ml tubes and centrifuged at 3000 rpm for 3 min followed by 4% PFA fixation at room temperature for 10 minutes and spotted on coated glass slide. Permeabilization was carried out by 0.1 % triton X 100 for 15 minutes. Primary antibody diluted in PBST was added on cells and incubated overnight at 4°C or 2 hours at room temperature followed by incubation with fluorophoretagged secondary antibody for 45 minutes at room temperature. Images were acquired using Olympus FV10i confocal laser scanning microscope after mounting the samples.
Co-localization analysis
The quantitative co-localization analysis of LAMP2 and GFP-LC3 was performed using Coloc-2 plugin in ImageJ program (NIH Image). For analysis, images of 30-40 cells were taken from multiple independent experiments (n=3). Each dot in the plots represents Pearson's correlation coefficient (PCC) value of LAMP2 and GFP-LC3 from a single cell. PCC is a statistical measure of the strength of the linear relationship between two data sets. Its value ranges from -1 to +1, with -1 representing negative co-relation, 0 no-co-relation and +1 represents a complete positive correlation.
Real-Time qPCR analysis
TRIzol reagent was used for isolation of total RNA. cDNA was prepared using random hexamer primers. Quantitative PCR was performed in Mastercycler RealPlex2 machine (Eppendorf) by using the KAPA SYBR FAST (Sigma-Aldrich). The primer sequence used in the study are: cFOS Forward primer: 5'AGTTCATCCTGGCAGCTCAC-3' and cFOS Reverse primer: 5' TGCTGCTGATGCTCTTGACA-3'.
Immunohistochemistry (IHC)
Day 7 lactating mammary gland was fixed in formalin, paraffin embedded and sectioned onto charged slides (Hisure Scientific). Slides were kept in air oven at 65°C overnight. Xylene was used to remove paraffin that is followed by rehydration in decreasing concentration of ethanol (100-70%). Tris-EDTA (pH 9) was used for antigen retrieval and 3% H 2 O 2 solution for 20 minutes was used for neutralizing endogenous peroxidases. Primary antibody was incubated overnight at 4°C. Enhancer and secondary antibody were used as described by manufacturer's instruction (Biogenex Supersensitive polymer HRP IHC detection kit).
Diaminobenzidine (DAB) was used as substrate for peroxidase, while counterstain was done with haematoxylin. Images were acquired by IX71 Olympus inverted microscope.
Experimental setup for metastasis studies
EAC cells were cultured in suspension with RPMI media (with 10% FBS) for 48 hours in noble agar coated dish along with DMSO, as vehicle control, or PD98059. Viable cells (1x10 5 ) were taken based on trypan blue exclusion staining and injected intraperitoneally in Swiss albino mice. Intraperitoneal injection of PD98059 was given on every alternate day till 15 days followed by dissection of lung after scarifying the animals. Tissues were fixed in paraformaldehyde and embedded in paraffin followed by thin sectioning. Lung metastasis was analysed on H&E stained slides of the tissue section. Images were taken using I X 71
Olympus inverted microscope.
Microarray data analysis
MDA-MB-231 cells were cultured for 24 hours in attached or matrix-deprived condition and MDA-MB-231 cells stably expressing shAMPKα2 cultured in suspension condition.
Microarray assay was done after harvesting cells at indicated time points. RNA isolation was performed using RNeasy minikit (Cat No. 74104; Qiagen) . Cy3 labelling was done by Agilent's Quick-Amp labeling Kit (Cat. No. 5190-0442) followed by hybridization on Agilent's In situ Hybridization Kit were color coded in "green" and upregulated genes in "red". The enriched altered pathways in the suspension culture, were determined by Gene Set Enrichment Analyses (GSEA).
RNA sequencing data for single-CTC and cluster-CTCs were taken from Gene Expression Omnibus (GEO; ID: GSE51827). The raw value was converted into log 2 value. Box plots for the value of signature genes were plotted using GraphPad Prism 5.0 software.
Mathematical modelling
A mathematical model was constructed to depict the interaction between pAMPK, pERK and TFEB using a set of three coupled ODEs that consider the timescale separated kinetics of protein phosphorylation/dephosphorylation and protein production processes. Kinetic rate constants were estimated from previous studies and current work. A detailed description of the model is presented in the supplementary text. Nullclines and bifurcation plots were generated using MATLAB (Mathworks Inc.).
Statistical Analysis
GraphPad Prism V software was used to plot graph and analyse statistical significance of the data by using student's t-test. Each experiment was performed at least thrice and one is being represented in the figures. All data are presented as mean ± standard error of the mean (SEM). P value below 0.05 was considered as statistically significant; ***represents P ≤0.001, **represents P ≤0.01 and *represents P ≤0.05.
Results
ERK signaling heterogeneity in matrix-deprived cells
In matrix-deprived cells, both increased ERK activity and a loss of ERK activity has been reported in different cell types (Al-Ayoubi et al, 2008; Collins et al, 2005; Grassian et al, 2011) . In light of these contrasting reports, we checked the status of ERK signaling in breast cancer cells that were subjected to matrix-detachment for short (24 hours) in suspension and long (one week) in methylcellulose. Analysis of our previously performed transcriptomics data (Saha et al, 2018) on MDA-MB-231 breast cancer cells cultured in adherent (attached, Att) versus matrix-deprived (suspension, Sus) conditions for 24 hours showed increased expression of genes involved in ERK signaling in suspension ( Figure 1A ). GSEA analysis confirmed induction of the ERK pathway in suspension ( Figure 1B) . To further confirm ERK activation, we measured levels of phosphorylated ERK (henceforth referred to as pERK) using phospho-ERK (Thr 202 /Tyr 204 )-specific antibodies which serves as a surrogate for ERK activity. We observed elevated pERK levels by immunoblotting in multiple breast cancer cell types, such as, BT-474, MDA-MB-231, and MCF-7, when cultured in suspension for 24 hours (Figures 1C, S1A & S1B, respectively). Levels of total ERK remained unaltered between these two conditions (Figures 1C, S1A & S1B). Further, we also observed increase in cFOS expression ( Figure 1D ) and Egr1-promoter activity ( Figure 1E ) in matrixdeprived condition. Together, these data suggested elevated ERK signaling in breast cancer cells that were matrix-detached for 24 hours.
We next gauged the status of ERK signaling upon long-term culture (one week) under matrix-deprivation that leads to the formation of anchorage-independent cancer spheres.
Intriguingly, immunoblotting of cancer spheres revealed a significant reduction in pERK levels compared to adherent cultures ( Figure 1F ). Since only a subpopulation of cancer cells survive the matrix-deprivation stress to generate anchorage-independent colonies, based on our observations, we hypothesized a possible heterogeneity of ERK activity in matrixdeprived cells such that those with lower ERK activity have better fitness to overcome anoikis and generate colonies.
To test this hypothesis, we first checked the status of ERK signaling in individual cells by immunocytochemistry for pERK. We indeed observed heterogeneity in pERK levels in matrix-detached cells by immunocytochemistry (Figures 1G & S1D .a). We further confirmed ERK signaling heterogeneity using the Egr-1 TurboRFP promoter-reporter system ( Figures 1H & S1D.b ) in which the Egr-1 promoter is driven by MEK/ERK signaling, and serves as a measure of ERK activity (Varma & Voldman, 2015) . Interestingly, while we observed a basal heterogeneity of ERK activity within the adherent population, in response to matrix-deprivation, both endogenous pERK staining as well as Egr-1 promoter activity based assay ( Figures 1G and H) revealed the emergence of a new population of cells with elevated, yet heterogeneous ERK activity ( Figure S1D ).
Using flow cytometry, we further sorted this population based on Egr-1 promoter activity into low and high RFP cells ( Figure 1I .a). Immunoblotting confirmed higher pERK levels in high-RFP cells compared to low-RFP cells ( Figure 1I .b). We then sought to test the role of ERK signaling heterogeneity in the regulation of cellular fitness under matrix-detachment stress. Consistent with our hypothesis, the high-RFP cells showed more anoikis, as revealed by higher caspase 3 activity ( Figure 1J ). Supporting this, a kinetic study of matrix-detached cells showed a decrease in the RFP-high cells over a week ( Figure S1E ). Further, these cells also generated less anchorage-independent colonies compared to RFP-low cells ( Figure 1K ).
Thus, matrix-detachment leads to heterogeneous ERK activation, with low ERK activity being more conducive for survival under matrix-detachment conditions.
ERK signaling heterogeneity regulates autophagy maturation in matrix-detached cells
Next, we investigated what biological processes might be perturbed by ERK signaling and its role in regulating anoikis. Stress induces autophagy which, in turn, is known to regulate apoptosis (Eisenberg-Lerner et al, 2009) . Autophagy induction has been reported in matrixdetached cells and also shown to aid anoikis-resistance (Fung et al, 2008) . Meanwhile, ERK signaling is known to independently regulate both autophagy and anoikis (Corcelle et al, 2007; Grassian et al, 2011) . Therefore, we sought to investigate the role of ERK signaling heterogeneity in the regulation of autophagy and anoikis under matrix-deprivation.
Although autophagy induction has been reported in matrix-detached cells (Fung et al, 2008) , little is known about the downstream processes. To better comprehend the autophagic process in matrix-deprived cells, we first undertook a detailed analysis of the various steps of autophagy in breast cancer cells that were subjected to matrix-deprivation for 24 hours.
During autophagy, LC3 is cleaved to form a truncated soluble form named LC3-I, which is then lipidated to form LC3-II that binds to the autophagosome membrane, and thus, serves as a marker for autophagosomes (Mizushima & Yoshimori, 2007) . We observed an increase in the levels of LC3-II in matrix-deprived cells compared to attached cells by immunoblotting ( Figure 2A) . We also observed an increase in the protein levels of Beclin1 (Figure 2A) , which plays a key role in autophagy induction (Liang et al, 1999) . These data confirmed induction of autophagy in matrix-deprived cells as shown before (Fung et al, 2008) .
We next investigated the turnover or flux of autophagy in matrix-deprived cells by measuring the levels of p62/SQSTM1, an LC3-interacting protein that is degraded in the autolysosome (Pankiv et al, 2007) . Interestingly, we observed accumulation of p62 in matrix-deprived condition (Figure 2A ). An increase in LC3-II together with accumulation of p62 is suggestive of a blockage in autophagic flux (Yoshii & Mizushima, 2017) . To better gauge autophagic flux, we used the tandem-labelled mCherry-EGFP-LC3 construct (Marx, 2015) .
In this system, the autophagosomes are seen as yellow puncta (because of both mCherry and EGFP fluorescence), whereas after fusion with lysosome, the autolysosomes are seen as red puncta (because of quenching of EGFP by the acidic nature of lysosome) (Tresse et al, 2010) .
Treatment with rapamycin served as a positive control for autophagy flux, leading to an increase in red puncta compared to basal autophagy in adherent cells ( Figure 2B ).
Interestingly, despite induction of autophagy, a large number of matrix-deprived cells showed yellow puncta, suggestive of reduced autophagic flux ( Figure 2B ). We further quantified the red and green signal per cell to express as mCherry/EGFP ratio, which serves as a good measure of autophagy flux (Castillo et al, 2013) . Compared to rapamycin treated cells that showed an elevated mCherry/EGFP ratio, indicative of high autophagic flux, matrix-deprived cells showed less mCherry/EGFP ratio, indicative of low autophagic flux (Graphs in Figures   2B and S2A ). Furthermore, our data revealed autophagy flux heterogeneity in matrixdetached cells with majority showing yellow puncta (yellow arrow), while some cells showed red puncta (red arrow, Figure 2B ). Staining for p62 in matrix-deprived cells further confirmed this heterogeneity ( Figure 2C ).
Failure of fusion of autophagosomes with lysosomes can impair autophagic flux (Eskelinen et al, 2002) . To test if this could be a cause of reduced autophagy flux in matrix-detached cells, we performed immunostaining for LAMP2, a lysosomal marker (Eskelinen et al, 2002) , and gauged its co-localization with GFP-LC3 puncta that is indicative of autophagosomelysosome fusion (Pi et al, 2017) using confocal microscopy. Quantitative co-localization analysis (as described in methods) revealed less LAMP2/LC3 co-localized punctae in a large proportion (~70%) of matrix-deprived cells ( Figures 2D &S2B) , suggestive of blocked autophagy maturation in these cells. Induction of autophagy but blockade of maturation has been shown to lead to apoptosis (Kucharewicz et al, 2018) . To gauge this, we compared the levels of cleaved caspase 3 (a marker of apoptosis) with accumulation of p62 (a marker of blocked autophagy) by immunocytochemistry (Figure 2E) . A Spearman's correlation analysis revealed a positive correlation between cleaved caspase 3 and p62 levels ( Figure   2E ). In contrast, we observed less accumulated p62 in cancer spheres ( Figure S2C ). Thus, these data revealed a co-relation between autophagy maturation arrest and anoikis.
Having identified ERK signaling heterogeneity in matrix-detached cells, and establishing a model to isolate high and low ERK activity MDA MB 231 cells ( Figure 1I) , and having previously observed more anoikis in RFP-high (pERK high ) cells, we investigated the status of autophagy maturation in these two populations. When RFP-high and RFP-low cells were subjected to matrix-deprivation, we observed that the RFP-low cells showed reduced LC3-II and p62 levels by immunoblotting ( Figure 2F) , and increased co-localization of GFP-LC3 and LAMP2 by confocal microscopy (Figure S2D ), indicative of higher autophagic flux compared to the RFP-high cells. Immunocytochemistry for p62 further supported this data as it showed a positive co-relation between high GFP and p62 accumulation ( Figure 2G ).
Collectively, these observations reveal an association between ERK signaling heterogeneity and autophagy maturation which in turn regulates cell fate: cells with low ERK activity have higher autophagy flux and show better survival fitness under matrix-deprivation.
ERK inhibition increases autophagy flux and anoikis resistance
ERK signaling is known to regulate various steps of autophagy, both positively and negatively, in different cellular contexts (Corcelle et al, 2007; Wong et al, 2010) . Our data above revealed an inverse correlation between high ERK activity and autophagy maturation.
To better understand how ERK signalling impinges on autophagy flux in matrix-detached cells, we gauged the effect of ERK inhibition on autophagy maturation and anoikis.
Treatment of matrix-deprived cells with MEK inhibitor PD98059 resulted in reduced pERK levels ( Figure 3A) ; additionally, we observed a decrease in the levels of LC3-II together with p62 in these cells ( Figure 3A) . We observed similar result in yet another breast cancer cell line, BT-474 ( Figure S3A) . We further used a genetic approach to reduce ERK levels by overexpressing dominant-negative form of MEK1 (MEK1-K97A). We observed a decrease in the levels of pERK, LC3-II and p62 in these cells ( Figure 3B) ; decrease in LC3-II together with that of p62 is indicative of increased autophagic flux. Visualization of red punctae in matrix-deprived cells expressing the mCherry-GFP-LC3 flux construct further confirmed this 
AMPK inhibits ERK activity upon matrix-deprivation
We next sought to understand what might regulate ERK activity in matrix-detached cells.
Work done by our laboratory and that of others has identified AMPK activation as a critical aspect of survival of cells under matrix-deprivation (Hindupur et al, 2014; Ng et al, 2012; Saha et al, 2018; Sundararaman et al, 2016) . In different contexts, AMPK is known to either activate or inhibit ERK activity (Hwang et al, 2013; Kim et al, 2012) . To investigate if AMPK played a role in regulating ERK phosphorylation in matrix-detached cells, we first checked for AMPK activity, as measured by levels of its phosphorylated bonafide substrate ACC, in the RFP-high and RFP-low cells by immunoblotting. Interestingly, we observed an inverse co-relation between AMPK and ERK activities, such that the RFP-high (pERK high ) cells showed less pACC levels and vice versa ( Figure 4A) . Quantitative immunofluorescence analysis of matrix-detached MDA MB 231 cells further confirmed this inverse correlation between AMPK activity and pERK levels ( Figure 4B ). To further test this in vivo, we resorted to the lactating female mammary gland (Avivar-Valderas et al, 2011) . The matrixdeprived luminal cells of the lactating mammary gland also showed inverse correlation between pAMPK and pERK status ( Figure 4C) . Also, in human breast cancer patient samples, we observed heterogeneity of ERK signaling, as well as regions showing inverse correlation between AMPK activity and pERK levels ( Figure S4A ). Taken together, these data suggested a possible negative regulation of ERK activity by AMPK.
In order to further address if AMPK is directly involved in negatively regulating ERK signaling in matrix-deprivation, we tested the effect of downmodulating AMPK activity on pERK levels in matrix-deprived cells using pharmacological agents and genetic approaches.
Treatment of matrix-deprived MDA-MB-231 cells with pharmacological inhibitor of AMPK, compound C (henceforth referred to as CC) led to a reduction in pACC levels ( Figure 4D) .
Simultaneously, we observed an increase in pERK levels compared to vehicle DMSO treated cells ( Figure 4D ), whereas CC had no effect on total ERK levels ( Figure 4D ). We observed similar effects in yet another breast cancer cell line BT-474 ( Figure S4B ). To further confirm this using a genetic approach, we employed MEFs that are double knock out for AMPK α1/α2 (MEF-DKO). Compared to wild type (WT) MEFs, we also observed elevated pERK levels in MEF-DKO in suspension, whereas total ERK levels remained unaltered ( Figure   4E ). Consistent with increased ERK phosphorylation, AMPK inhibition also led to an increase in cFOS gene expression ( Figure 4F ) as well as Egr-1 promoter activity ( Figure   4G ), confirming a negative regulation of ERK activity by AMPK in suspension.
We next investigated the significance of AMPK-ERK axis in regulating autophagic flux and anoikis of matrix-deprived cells. We have previously shown that AMPK activity is important for overcoming anoikis and that AMPK inhibition increases anoikis (Saha et al, 2018) . Here, we observed that ERK inhibition decreases anoikis ( Figure 3F) , and our data further showed that AMPK inhibits ERK activity in matrix-detached cells. Based on these observations, we reasoned that AMPK-mediated ERK inhibition might be essential for anoikis. In this case, ERK inhibition should rescue the anoikis phenotype of AMPK inhibition. To test this, we investigated the effect of ERK inhibition on cells treated with AMPK inhibitor on their autophagy maturation and anoikis response. Inhibition of AMPK abrogated the colocalization of LAMP2 with GFP-LC3 puncta (Figures 4H & S4C) , whereas simultaneous ERK inhibition restored this co-localization ( Figures 4H & S4C) . Consistent with this observation, AMPK inhibition-mediated increase in anoikis {as reported by us previously (Saha et al, 2018) } was also rescued by co-treatment with PD98059, as revealed by a decrease in caspase-3 activity ( Figure 4I ). Taken together, these data highlight the role of ERK signaling downstream to AMPK activation in regulating autophagy and anoikis.
AMPK-mediated phosphorylation of PEA15 regulates MEK-mediated ERK-activation
We next investigated the mechanisms involved in AMPK-mediated negative regulation of ERK in matrix-deprived condition. We failed to observe changes in the phosphorylation status of MEK, the upstream ERK kinase, upon matrix deprivation ( Figure S5A ) or upon AMPK inhibition ( Figure S5B) . These data suggested that AMPK does not affect ERK activity by altering MEK phosphorylation or via activation of Ras. Next, we gauged if AMPK activation affects MEK-ERK interaction.
Phosphoprotein enriched in astrocytes 15 kDa (PEA15) is a scaffold protein that is known to regulate the cytoplasmic localization of ERK (Formstecher et al, 2001) . Earlier work from our laboratory identified AMPK as a direct upstream kinase of PEA15 in matrix deprivation leading to its phosphorylation at S116 position, which aids in alleviating anoikis (Hindupur et al, 2014) . Interestingly, we observed higher S116 PEA15 phosphorylation in RFP-low (pERK low ) cells and vice versa ( Figure 5A ), suggesting an inverse correlation between pERK levels and S116 phosphorylation of PEA15 in suspension. We investigated if AMPKmediated phosphorylation of PEA15 at S116 influences ERK phosphorylation in matrixdeprived cells. As seen previously in anchorage-independent breast cancer spheres (Hindupur et al, 2014) , we observed elevated S116 phosphorylation of PEA15 in MDA-MB-231 cells matrix-deprived for 24 hours ( Figure S5C ). To directly address the role of S116 PEA15 phosphorylation, we used a Flag-tagged S116A mutant of PEA15 that cannot be phosphorylated at S116 position (Hindupur et al, 2014) . MDA-MB-231 cells stably expressing Flag-tagged WT-(wild type) or S116A-PEA15 showed equal expression of these proteins when probed with flag antibody ( Figure 5B ). The levels of total ERK remained unaffected between these cells under matrix deprivation. Interestingly, we observed elevated pERK levels in S116A-PEA15 expressing cells in suspension ( Figure 5B) ; this change was not observed in adherent condition ( Figure S5D) . Further, treatment with AMPK inhibitor compound C (CC) led to increase in pERK levels in matrix-deprived WT-PEA15 expressing cells, but not in S116A-PEA15 expressing cells ( Figure S5E) . Together, these data identify a role for AMPK-mediated S116A-PEA15 phosphorylation in negatively regulating ERK phosphorylation in matrix-deprived cells.
We further investigated the mechanisms of negative regulation of ERK activity by AMPK-PEA15 signaling. Co-immunoprecipitation with Flag antibody in matrix-deprived MCF-7 cells transiently expressing Flag-tagged WT-PEA15 led to the detection of MEK and ERK by western blotting (Figure 5C ). We also observed the same in yet another breast cancer cell line, MDA-MB-231 cells, stably expressing Flag-tagged WT-PEA15 ( Figure S5F ),
suggesting the presence of a PEA15-ERK-MEK ternary complex in matrix-detached cells.
Interestingly, compared to WT-PEA15 expressing cells, we observed increased association of MEK in S116A-PEA15 overexpressing cells in this complex ( Figure 5D ). In keeping with elevated MEK association, we also observed higher levels of phosphorylated ERK in the Flag IP-western blots in the S116A-PEA15 expressing cells compared to WT-PEA15 expressing cells (Figure S5G ), suggesting a possible role for S116A phosphorylated PEA15 in MEKmediated ERK phosphorylation in suspension. Next, we checked the role of AMPK-mediated phosphorylation of endogenous PEA15 in its association with MEK, and ERK phosphorylation ( Figure 5F ). Co-immunoprecipitation with PEA15-specific antibody followed by immunoblotting revealed an increase in the amount of MEK in CC treated cells compared to DMSO ( Figure 5F ). Consistent with this data, pERK levels were also more in the cells treated with AMPK inhibitor (CC) ( Figure 5F ). To further confirm role for PEA15, we undertook a genetic approach, using siRNA to deplete endogenous PEA15 levels. We observed decreased pERK levels upon knockdown of PEA15 (Figure 5E) , confirming a role for PEA15 in ERK phosphorylation in matrix-detached cells. Collectively, these data suggest that phosphorylation of PEA15 by AMPK in matrix-deprived cells hinders MEK-mediated ERK phosphorylation.
We next investigated the role of PEA15 phosphorylation in regulating autophagy flux and anoikis in matrix-detached cells. Compared to WT-PEA15 expressing cells, those expressing S116A-PEA15 showed elevated LC3-II and p62 levels under matrix-deprivation ( Figure   5G ), suggesting autophagy maturation block; this block was in part relieved by treatment with ERK inhibitor PD98059 ( Figure 5G) . Further, we observed a decreased co-localization of LAMP2 with GFP-LC3 in cells over-expressing S116A-PEA15 compared to WT-PEA15 expressing cells ( Figures 5H & S5H) , whereas treatment with PD98059 restored LC3 colocalization with LAMP2 in these cells (Figures 5H & S5H) . These data suggested that AMPK-PEA15 axis mediated inhibition of ERK activity is needed to overcome the autophagy maturation block in matrix-deprived cells. Consistently, S116A-PEA15 expressing cells showed elevated caspase-3 activity under matrix-deprivation compared to WT-PEA15 expressing cells ( Figure S5I) , which was alleviated by PD98059 treatment (Figure S5J) .
Thus, in matrix-deprivd cells, the AMPK-PEA15 axis ameliorates autophagy flux by inhibiting ERK activity and promoting survival.
ERK inhibition leads to elevated TFEB levels
Having identified an AMPK-PEA15 axis upstream to the negative regulation of ERK activity in matrix-deprived cells, we investigated the events downstream of ERK inhibition that contribute to overcoming autophagy maturation block in these cells. Literature suggests that ERK phosphorylates and inhibits nuclear localization of transcription factor EB (TFEB), a master regulator of lysosomal biogenesis and autophagy (Settembre et al, 2011) . Therefore, we investigated if ERK signaling affects TFEB localization in matrix-deprived cells using EGFP-tagged TFEB construct. We largely detected cytoplasmic localization of TFEB in both adherent and matrix-detached MDA-MB-231 cells ( Figure S6A) . While inhibition of ERK led to nuclear translocation of EGFP-TFEB in adherent MDA-MB-231 and MCF-7 cells ( Figure S6B) , ERK inhibition did not alter TFEB localization in either of these cell types in matrix-deprived cells (Figures S6A and S6C) , suggesting that the effect of ERK signaling in regulating autophagy maturation in matrix-detached cells may not be through altering TFEB nuclear localization.
Interestingly, though, we observed that matrix-detachment led to a reduction in the levels of exogenously expressed EGFP-TFEB ( Figure S6Aiii ), suggesting a possible posttranslational regulation. Immunoblotting with TFEB-specific antibodies also revealed a reduction in endogenous TFEB levels upon detachment of MDA-MB-231 cells from the ECM ( Figure   S6D ). We also observed more TFEB levels in the RFP-low cells with lower ERK activity as compared to RFP-high cells (Figures 6A & S6E) , suggesting an inverse co-relation between ERK activity and TFEB levels. Consistent with this, ERK inhibition led to an increase in TFEB levels in matrix-deprived condition (Figures S6A & 6B) . We failed to detect changes in transcript levels of TFEB in the microarray data between adherent and detached cells ( Figure S6F) , further suggestive of post translation regulation. TFEB protein stability is known to be regulated by a chaperone-dependent E3 ubiquitin ligase (Sha et al, 2017) .
Consistent with this mechanism, a cycloheximide chase assay revealed a decrease in TFEB protein stability in matrix-deprived cells, a decrease which was rescued by ERK inhibition ( Figure S6G) . These data suggested that ERK signaling negatively regulates TFEB protein levels in suspension.
Motivated by our observations that AMPK is responsible for the negative regulation of ERK (Figure 4) , we checked the role of AMPK in the regulation of TFEB levels in suspension.
We observed a reduction in the levels of TFEB upon inhibition of AMPK ( Figure 6C) .
Treatment with ERK inhibitor PD98059 rescued the effects of AMPK inhibition on TFEB levels ( Figure 6D ), suggesting that matrix-detachment triggered AMPK upregulates TFEB protein levels in suspension culture by inhibition of ERK activity.
We next investigated the role of TFEB downstream of ERK in regulating autophagy maturation and anoikis-resistance. In matrix-deprived MDA MB 231 cells overexpressing EGFP-TFEB, we observed an increase in LAMP2 staining by immunofluorescence ( Figures   6E & S6H) , as well as increased co-localisation of LAMP2 with LC3-RFP ( Figures 6F &   S6I ), suggesting increased autophagic flux in these cells. Furthermore, TFEB overexpression rescued AMPK inhibition-mediated decrease in LAMP2 levels (Figures 6G & S6J) , autophagic-flux defect (Figures 6F & S6I) and anoikis ( Figure 6H ). Reinforcing this data, TFEB overexpression led to a significant increase in the number of anchorage-independent colonies formed, as well as rescued the colony formation deficiency imposed by AMPK inhibition (Figure 6I) . Put together, these experiments emphasize that TFEB upregulation downstream of AMPK/ERK axis promotes autophagic flux to overcome anoikis resistance and promote anchorage-independent growth.
Double positive feedback loop between AMPK and TFEB mediated by ERK signaling generates bistability under matrix-deprivation
After investigating the molecular mechanisms of AMPK-mediated upregulation of TFEB levels via negative regulation of ERK, we were keen to explore whether TFEB regulates AMPK and/or ERK activities. This idea emerged from our observations of different 7A, 7B, & S7A) . We observed increased AMPK activity in yet another cell line MCF7 overexpressing EGFP-TFEB ( Figure S7B ). Consistent with increase in AMPK activity, we observed further decrease in pERK levels in these cells (Figures 7A & S7B) . In addition, knockdown of TFEB resulted in decreased AMPK activity (Figures 7C and S7C) and increased pERK levels ( Figure 7C) . We also observed decrease in LAMP2-levels, as well as a decrease in LC3 and LAMP2 co-localization, upon knockdown of TFEB ( Figures   7D, S7D, 7E, & S7E) . Collectively, these data underscore that TFEB positively regulates AMPK activity and lysosomal biogenesis, thus regulating autophagic flux.
Next, we investigated the mechanisms by which TFEB can activate AMPK in matrixdeprived condition. We have shown that calcium spike immediately after detachment contributes to increase in ROS production, in turn leading to AMPK activation (Sundararaman et al, 2016) . Therefore, we measured the levels of ROS upon overexpression of TFEB in suspension culture using CellROX™ Deep Red reagent. Interestingly, we observed increased levels of ROS in TFEB overexpressing cells ( Figure S7F) . In contrast, ROS levels decreased upon knockdown of TFEB ( Figure S7G) . Furthermore, ROS inhibition by addition of NAC reduced AMPK activity in TFEB expressing cells cultured in suspension ( Figure 7F) . Thus, our data suggested elevated ROS levels as one possible mechanism for TFEB-mediated induction of AMPK activity in in matrix-deprived condition.
Since overexpression of TFEB led to hyperactivation of AMPK and inhibition of ERK activity ( Figure 7A) , while we previously saw ERK negatively regulates TFEB levels ( Figures 6A & 6E) , thus we next checked the effect of ERK inhibition on AMPK activity under matrix deprivation. Indeed, ERK inhibition led to elevated AMPK activity ( Figures   7G, 7H, & S7H) . Moreover, we observed decrease in AMPK activity in cells stably expressing S116A-PEA15 ( Figure S7I) where we had observed higher ERK activity ( Figure   5D ). Collectively, these data are suggestive of feedback loops involving AMPK, ERK, and TFEB.
We tested for three different potential feedback loops: I) TFEB inhibits ERK without involving AMPK (a 'double negative' one between ERK and TFEB), II) TFEB activates AMPK directly or indirectly (a 'double positive' one between AMPK and TFEB), and III) a combination of both of the above-mentioned possibilities ( Figure 8A) . To test which of these feedback loops actually operates within matrix-detached cells, we measured the levels of pERK and pAMPK in TFEB overexpressing MDA-MB-231 cells, and that of pERK under AMPK inhibited condition in these cells. TFEB overexpression led to reduction in ERK activity and increase in AMPK activity ( Figure 8B) ; this observation can be explained by network II or III, but not by network I. Further, overexpression of TFEB combined with AMPK inhibition led to similar levels of pERK as in control cells (Figure 8B ; compare lane experiment ( Figure 8B) would have led to a decrease in pERK levels, which we did not observe. Therefore, TFEB may activate AMPK through ROS and some yet unidentified players, leading to the formation of a 'double positive' feedback loop between pAMPK and TFEB, and consequently a decreased pERK activity (network II) ( Figure 8B) .
We constructed a mathematical model capturing the interactions shown in network II. This network can give rise to two distinct cellular phenotypes -pAMPK high /TFEB high /pERK low and pAMPK low / TFEB low /pERK high (shown by solid green circles in Figures 8C & S8A) as observed in our experiments. Our mathematical model predicts that cells in these two states can also switch spontaneously, under sufficiently strong stochastic/noise perturbations, once they cross a 'tipping point' (shown by white circles in Figures 8C & S8A) . This prediction is largely robust to parameter variation in the model (Figure S8B) and consistent with our experimental observations of a switch in phenotype upon overexpression or inhibition of TFEB (Figure 7) . To test the prediction, we FACS sorted RFP-high and RFP low cells from MDA-MB-231/EGR1 promoter -TurboRFP expressing cells that were subjected to 24 hours of suspension. The sorted cells were then followed for a period of 24 and 48 hours of suspension, and tested for their ability to switch phenotype and generate the other population.
Indeed, we observed such switching and a gain in heterogeneity over time in the sorted cells in matrix-deprived condition ( Figure 8D) . Furthermore, cells with low ERK activity were able to attain the original heterogeneity much quicker than the cells with high ERK activity.
Together, these results strongly indicate phenotypic switching, which can generate nongenetic heterogeneity in a given cell population.
To further understand the biological relevance of the AMPK-ERK-TFEB axis in metastatic human disease, we analysed the RNA-sequencing data of single circulating tumor cells (CTCs) and CTC-clusters derived from breast cancer patients (Aceto et al, 2014) . The observed heterogeneity in ERK/AMPK activities and TFEB levels in matrix detached breast cancer cells in vitro was captured in vivo (Figures S8E & F) . Interestingly, we observed higher association of AMPK and TFEB gene signature with CTC-clusters ( Figures 8E, & S8E) that were reported to corroborate with increased metastasis and poor survival (Aceto et al, 2014) . Conversely, higher ERK gene signature was observed with single-CTCs (Figures 8E & S8F) . These data are in corroboration with our in vitro studies where we demonstrated that matrix-deprived breast cancer cells with pAMPK high /pERK low status express higher levels of TFEB and show better survival.
Discussion
Adaptation to matrix-deprivation is fundamental for successful metastasis. Further, phenotypic heterogeneity and plasticity within different cell populations of a cancer poses a major challenge to effective treatment strategy (Brooks et al, 2015) . Yet, the existence and implications of such heterogeneity in anoikis resistance remain to be identified. In this study, we demonstrate phenotypic (i.e. non-genetic) heterogeneity with respect to ERK signaling.
The existence of such non-genetic heterogeneity is beginning to be reported more frequently due to high-throughput techniques such as single-cell RNA-seq (Lawson et al, 2018; Suvà & Tirosh, 2019) , however, the origins and implications of such heterogeneity remain largely elusive. Our results here show how this heterogeneity emerges for ERKthrough feedback loop among AMPK, ERK and TFEB. We show that the AMPK high /ERK low /TFEB high state enables overcoming autophagy maturation arrest, thus facilitating anoikis resistance. Thus, targeting this feedback loop might provide a novel and rational anti-cancer treatment strategy.
Autophagy is a cellular homeostasis mechanism in which cells recycle their nutrients at times of starvation and remove dysfunctional intracellular organelles (Fulda, 2012) . Initially, autophagy was thought of as a tumor suppressive mechanism, based on observations that
Beclin1 was deleted in most breast cancers and its overexpression in MCF7 cells reduced tumorigenesis (Liang et al, 1999; Qu et al, 2003) . Similarly, deletion of Atg5 and Atg7 in mice led to development of benign tumor (Guo et al, 2013; Takamura et al, 2011) . However, autophagy is robustly activated in tumor cells facing stresses such as oncogenic insult, starvation, hypoxia, matrix deprivation, or higher metabolic demands (Guo et al, 2013) .
Consistently, we observed increased autophagy induction in matrix-deprived condition, detected by increased LC3-II levels. LC3-II levels can also increase due to the inhibition of its degradation in autolysosome. However, concomitant increased accumulation of p62 levels suggested that autophagy was induced but its maturation was blocked in matrix-deprived conditions. This block was confirmed by observations of less co-localization of GFP-LC3 and LAMP2, indicating a defect in autophagosome and lysosome fusion. Such blockage can promote rapid exhaustion of energy and accumulation of undigested cargo that can lead to increased anoikis in stressed condition (Kucharewicz et al, 2018) . This hypothesis is reinforced by recent reports suggesting that induction of autophagy along with blockage of autophagy maturation has adverse effect on cell survival as compared to only blockage of autophagic maturation (Kucharewicz et al, 2018) .
ERK signaling is often hyper-activated in cancers, leading to uncontrolled growth (Shaul & Seger, 2007) . However, accumulating evidence also suggests that its sustained activation may promote apoptosis (Sun et al, 2015) . In lung carcinoma and ovarian cancers, ERK signaling was associated with anoikis resistance (Carduner et al, 2014; Yoshino et al, 2016) . Several pieces of our data pointed towards elevated ERK signaling in matrix-detached cells compared to adherent cells, based on which we originally hypothesized that elevated ERK signaling contributes to anoikis resistance in breast cancer cells. Interestingly, however, our subsequent data revealed that matrix detachment-triggered AMPK, which we have previously shown to be critical for anoikis resistance (Hindupur et al, 2014; Saha et al, 2018) , leads to ERK inhibition and consequent progression through autophagy and cell survival, revealing context-specific anti-tumorigenic functions of ERK signaling. A recent report also suggests that cells with high ERK activity have more stem cell like property and could form more number of anchorage independent colonies (Kumagai et al, 2015) . Similarly, we recently demonstrated inhibition of Akt, typically a pro-tumorigenic signaling molecule (Davies, 2011) , confers better survival benefits to matrix-detached cells (Saha et al, 2018) . Together, these data begin to unfurl novel context-specific signaling networks that can maintain a prosurvival state of matrix-detached cancer cells, identifying new vulnerabilities.
Diverse upstream stimuli converge on MEK to activate ERK (Shaul & Seger, 2007) . In matrix-deprived cells, we did not observe change in MEK activity, the only reported upstream kinase of ERK (Shaul & Seger, 2007 ), suggesting that the increased activity of ERK in matrix-deprived cells does not involve canonical Ras-Raf-MEK pathway. We previously reported that matrix-deprivation triggered AMPK phosphorylates PEA15 (Hindupur et al, 2014 ) -a scaffold protein for ERK that can regulate its activity (Kolch, 2005) . The phosphorylation of PEA15 targets ERK to one of its substrates, RSK2, thus promoting its activity (Vaidyanathan et al, 2007) . In this study, we observed that phosphorylation of PEA15 at S116 residue results in inhibition of ERK possibly through reduced association with MEK. Previous literature using yeast two-hybrid system showed that among other members of the MAPK signaling pathway, only ERK interacts with PEA15 (Ramos et al, 2000) . Our immunoprecipitation studies revealed presence of MEK in PEA15pull down complex in matrix-deprived cells. There could be a direct interaction between MEK and PEA15, aided possibly by post-translational modifications under matrixdetachment. Alternatively, this interaction could be indirect via ERK which interacts directly with PEA15 irrespective of the phosphorylation status (Formstecher et al, 2001) . Our data show that PEA15 phosphorylation contributes to cancer cell survival in suspension by inhibiting ERK activity and promoting autophagy maturation.
ERK has been reported to regulate autophagy by restricting the nuclear entry of TFEB -a master regulator of transcription of genes required for lysosomal biogenesis and autophagy (Settembre et al, 2011) . However, we observed a change in levels, but not in nuclear localization, of TFEB in suspension, a change which was dependent on elevated ERK activity. ERK inhibition did not change the transcript levels of TFEB, but led to its increased stability, suggesting a post-transcriptional control of TFEB by pERK. Interestingly, overexpression of TFEB positively regulated AMPK activity. We further show that increase in ROS levels by TFEB is needed for increase in AMPK activity under matrix deprivation.
Previous studies suggest that TFEB promotes lysosome biogenesis and autophagic flux (Settembre et al, 2011; Sha et al, 2017) . Lysosome is reported as an additional source of ROS along with mitochondria (Kubota et al, 2010) . Lysosomal ROS production could support mitochondrial ROS burst, resulting in overall increase in ROS levels (Kubota et al, 2010) .
Thus, TFEB by promoting lysosomal biogenesis might promote ROS production and in turn activation of AMPK. However, further experiments are needed to dissect out this possibility.
We demonstrate that pAMPK and TFEB form a positive feedback loop-involving pERK.
This feedback loop can result in heterogeneous subpopulations: those with pAMPK high /pERK low / TFEB high status and those with pAMPK low /pERK high /TFEB low status.
The pAMPK high /pERK low / TFEB high cells displayed elevated autophagic maturation, less apoptosis, and increased sphere-forming potential compared to pAMPK low /pERK high /TFEB low cells. Consistently, a recent report showed that mammary tumors cells with pERK high status were less tumorigenic when cultured in matrix-deprived condition, as compared to pERK low cells (Kumagai et al, 2015) . Finally, in publicly available RNA-seq data of breast cancer patients (Aceto et al, 2014) , we observed an elevated AMPK and TFEB signature but lower ERK signature in CTC clusters relative to that in individual CTCs. This observation corroborates with higher aggressiveness and poor prognosis of clusters of CTCs (Aceto et al, 2014) , and emphasizes a pro-metastatic role of pAMPK high /pERK low /TFEB high state.
Collectively, our data suggest that pAMPK high / pERK low /TFEB high status is favourable for survival under matrix deprivation ( Figure 8F) .
Mutually activatingsuch as those between phosphorylated AMPK and TFEBor mutually inhibitingsuch as those operating between phosphorylated AMPK and phosphorylated Akt (Saha et al, 2018 )feedback loops can facilitate phenotypic plasticity among these subpopulations (Jia et al, 2017a) , thus generating non-genetic heterogeneity (Jolly et al, 2018) due to underlying multistability (Sobie, 2011) . Similar feedback loops have been reported to mediate cellular plasticity in cancer cells such as epithelial-mesenchymal plasticity (Jia et al, 2017b; Lu et al, 2013) , switching between a cancer stem cell and a non-cancer stem cell (Jolly et al, 2014) , metabolic plasticity (Jia et al, 2019; Sobie, 2011) , or switching between a matrix-deprived and a matrix-attached condition (Saha et al, 2018) . Such dynamic interconversions -driven by multiple forms of 'noise' or stochasticity in biological systems (Balázsi et al, 2011; Mooney et al, 2016 ) may enable a more adaptive cellular stress response.
Some feedback loops may also operate across multiple cells, hence affecting these different processes in a non-cell autonomous manner, and giving rise to intriguing spatial patterns of heterogeneity (Bocci et al, 2019) . Therefore, breaking these feedback loops may severely impair the non-genetic heterogeneity and consequently the fitness of a stressed cellular population. E. Immunofluorescence of MDA-MB-231 cells with anti-cleaved-caspase-3 or anti-p62 antibody cultured in suspension (Sus) condition for 24 hours (yellow arrow represents less cleaved caspase-3 less /p62 less and white arrow represents cleaved caspase 3 high /p62 high level) .
Heat map was generated with the help of Image J. Spearman correlation analysis between cleaved-caspase-3 and p62 was plotted using excel.
F. MDA-MB-231 cells stably expressing EGR1 (promoter) -TurboRFP were cultured in suspension (Sus) condition for 24 hours. High and low RFP subpopulations were separated by FACS sorting and harvested for immunoblotting (H); n=3.
G. Immunofluorescence of MDA-MB-231 cells stably expressing EGR1 (promoter) -TurboRFP with anti-p62 antibody cultured in suspension (Sus) condition for 24 hours (yellow arrow represents RFP less /p62 less and white arrow represents RFP high /p62 high ). Heat map was generated with the help of ImageJ. Spearman correlation analysis between p62 and TurboRFP was plotted using excel. 
